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As a result of a law suit brought against the U.S. Environmental 
Protection Agency (EPA) by a coalition of environmentally concerned 
plaintiffs, the impetus has been provided to begin characterizing waste 
waters and effluents in terms of specific organic compounds. These en-
vironmental groups alleged that the EPA had failed to implement portions 
of the Federal Water Pollution Control Act (P.L. 92-500). Following a 
substantial research effort, the EPA responded by publishing a list of 
toxic pollutants for which effluent limitations would be imposed. The 
criteria used to select these pollutants included potential health haz-
ard, persistence in the environment, tendency toward bioaccumulation, 
and evidence of synergistic propensity. Also considered were total pro-
duction of the substance, use patterns, extent of likely point discharges, 
the consequences of exposing man or wildlife to the substances (or break-
down products), and analytical techniques available (20). This list of 
compounds has become known as the priority pollutants and consists of 
129 individual compounds, 115 of which are organic (14). These compounds 
were divided into three categories. The first consisted of proven muta-
gens, carcinogens, and teterogens. The second group included those com-
pounds that were chemically analogous to the first group, although not 
directly proved harmful. The last group included those compounds shown 
to be acutely toxic to biological organisms (20). 
2 
If found to be a component of a waste water, an economical treat-
ment of the priority pollutant must exist. Strier (30) delineates the 
five treatment schemes under consideration by the EPA for the treatabil-
ity of organic priority pollutants as being: (l) steam or air stripping, 
(2) oil/water separation, (3) dual media or diatomaceous earth filtra-
tion, (4) carbon adsorption, and (5) biochemical oxidation. Suggested 
treatment schemes for all the organic pollutants are also presented. 
Treatment mechanisms are based primarily on the physical and chemical 
properties of the compound (28, 29). 
This research is confined to the study of the feasibility of em-
ploying biochemical oxidation for the treatability of two phenolic prior-
ity pollutants. This work is an outgrowth of a larger research project 
sponsored by the EPA to determine the compatability of priority pollu-
tants with the treatment of municipal waste waters utilizing the acti-
vated sludge process. The emphasis here was placed on determining the 
fate of the priority pollutant when subjected to biochemical oxidation 
and any effect that the priorit~ pollutant might have on the biological 
degradation of the municipal waste water components. 
CHAPTER I I 
LITERATURE REVIEW 
Of the five treatment schemes under consideration by the EPA for 
priority pollutant treatability, biochemical oxidation offers the poten-
tial advantages of either complete metabolism and oxidation or biochemi-
cal detoxification (conversion to a less toxic compound) of the pollu-
tant. Forty-three of the 115 organic priority pollutants are thought to 
have some potential for treatment by biochemical oxidation (28). In 
addition, the current widespread use of biological treatment for purify-
ing wastewaters makes a knowledge of the optimum treatment conditions 
for particular priority pollutants extremely important, since the need 
to retrofit a plant with additional, expensive unit operations might be 
eliminated. In a study conducted to determine the fate of priority pol-
lutants subjected to biological treatment (7), eight of the nine organic 
priority compounds detected in the influent were reduced by at least 50 
percent in the effluent. 
Pitter (19) proposes a classification of organic compounds where 
degree of biodegradability and toxicity are the two basic criteria deter-
mining the behavior of any compound in the natural environment. In addi-
tion, a further subdivision of the non-biodegradable chemicals based 
upon their tendency to be bioaccumulated would seem reasonable from a 
bioenvironmental engineering standpoint. In his report on non-biodegrad-
able and recalcitrant molecules, Alexander (l) points out that any 
3 
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reasonable mechanism of recalcitrance should include these four cate-
gories of chemicals: (l) totally refractory compounds not degraded under 
any circumstances; (2) compounds that are degraded but only at slow 
rates; (3) compounds which can be degraded by microbial cultures but not 
natural populations, and (4) compounds which are degraded by heterogene-
ous populations in one or more microbial habitats but which can occasion-
ally be quite persistent. Alexander further elaborates 15 mechanisms of 
recalcitrance from the following ground rules: 
1. An organism must exist which can act upon the compound and it 
must be present at the site of the discharge. Also, the environmental 
conditions must be amenable to the survival of this organism. 
2. If the degradatory enzymes are intracellular,the compound_must 
penetrate the cellular membrane. 
3. If the degradatory enzymes are not constitutive, they must be 
induced. 
The two phenolic compounds selected for study were 2-nitrophenol 
and 4-chloro-3-methyl phenol. A summary of their physical and chemical 
properties as well as suggested treatment mechanisms are listed in 
Table I. A crystalline solid at ambient temperature, 4-chloro-3-methyl 
phenol is used as an external germicide and as a preservative for glues 
and paints. 2-nitrophenol is used as an intermediate in various chemi-
cal and dyestuff manufacturing (29). In their listing of the frequency 
of occurrence of organic compounds identified in water, Shackelford 
et al. (24) found that 2-nitrophenol was detected six times; twice in 
river water and four times in chemical effluents. Another study (16) 
reported finding 2-nitrophenol in the effluent of a pharmaceutical plant. 
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one time in an effluent. 2-nitrophenol is listed in the Registry of 
Toxic Effects of Chemical Substances (23) as having an Lo50 on rats re-
ceiving oral dosages of 1000 to 3000 mg/kg and an Lo60 of 100 mg/kg on 
dogs receiving intravenous dosages. Both 2-nitrophenol and 4-chloro-3-
methyl phenol are classified as acutely toxic priority pollutants (20) 
and are I isted as having an estimated theoretical treatabil ity which 
would yield an effluent quality of 50 µg/£. 
Alexander (1) states that increased resistance toward degradation 
is imparted to disubstituted benzenes when a hydroxyl is replaced by a 
chloro or a nitro group. This implies that 2-nitrophenol would offer 
greater resistance toward biodegradation than catechol. The work of 
Barth and Bunch (2) verified this. However, they also reported that al-
though nitro groups generally impart a greater resistance to biological 
breakdown of a particular compound, 2-nitrophenol was found to cause a 
microbiological oxygen demand 20 percent in excess of that required by 
an equal concentration of phenol. Although one study (27) observed 
no 5-, 10-, or 20-day BOD for 2-nitrophenol, another study (same source) 
reported that 22 percent of the theoretical COD was exerted by microor-
ganisms exposed to 100 mg/L 2-nitrophenol after only 3.5 hours. 
Haller (11) conducted biochemical oxidation studies with 17 mono-
chloro, amino, and nitro benzoates and phenols. Although her work show-
ed that the degradation of several of these compounds was affected by 
innoculum source and preadaptation to certain parent compounds, 2-nitro-
phenol was found to be taken up by the microorganisms with relative ease 
under all the conditions investigated. Pure culture research utilizing 
nitrophenols (22) brought to light a phenomenon known as cometabolism. 
The isolate, when exposed to paranitrophenol, was found to demand 
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roughly the same amount of oxygen required to degrade a similar quan-
tity of phenol. Nitrite was produced by the isolate at a level corre-
sponding to the molar concentration of the paranitrophenol. A transi-
ent intermediate of 4-nitrocatechol was also demonstrated. The reac-
tion of this same isolate toward 2-nitrophenol was much different, 
however. Although the 2-nitrophenol concentration was reduced by the 
culture, no nitrite was produced and oxygen demand was less than 10 per-
cent of that level required to degrade paranitrophenol. GC-MS data in-
dicated that a cometabol ite (probably nitrohydroquinone) was present at 
the same concentration as that of the original substrate. This cometa-
bol ite was thought to be a detoxification product of 2-nitrophenol. 
In another study (25), two cultures which could metabolize nitro-
phenols were isolated from a trickling filter innoculum. One strain 
could metabolize 2-nitrophenol while the other utilized paranitrophenol. 
Neither strain could metabolize the other nitrophenol ic isomer. As 2-
nitrophenol was degraded, nitrite was produced. It was theorized that 
2-nitrophenol was converted through catechol to cis-cis muconic and/or 
8-ketoadipic acids, then on to more ubiquitous metabolic pathways. 
Based upon limited data accumulated from an existing publicly owned 
treatment facility, 2-nitrophenol was not found in the influent (six 
samples) or sludges (seven samples), but was detected three (eight sam-
ples) times in the effluent (7). 
Very little information was found which pertained specifically to 
4-chloro-3-methyl phenol (p-chloro-m-cresol). Alexander (1) does state 
that monochlorophenols with the halogen ortho or para to the hydroxyl 
offer less degradatory resistance than when the halogen is in the meta 
position. Relative to phenol, cresols were found to produce a greater 
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or equivalent demand for oxygen according to Barth and Bunch (2). This 
same study indicated that chloro substitution of cresols reduced the 
oxygen demand. Pitter (19) found that acclimated cells removed 2-nitro-
phenol at a rate less than 20 percent that of phenol removal. Here, COD 
was reduced by 97 percent. It was reported that an oxygen uptake value 
equivalent to 59 percent of the theoretical chemical oxygen demand by 
microorganisms acting upon 4-chloro-3-methyl phenol (26). Pitter (19) 
found that ortho, meta, and para cresol were removed at a rate of about 
70 percent that of phenol by acclimated cultures. Ninety-five percent 
COD reduction was reported. Limited data gathered from a publicly owned 
treatment facility indicated that 4-chloro-3-methyl phenol was present 
in 5 percent (one sample) of the influents tested, but was not detected 
in the effluent or sludge samples analyzed (7). 
Several researchers have conducted work involving multicomponent 
substrate wastewaters. Gaudy, Gaudy, and Kolmorit (9) demonstrated se-
quential substrate removal in both pure culture and heterogeneous batch 
microbial systems utilizing glucose and sorbitol as substrates. Manickam 
(18), in his research dealing with multi-substrate wastewaters and quali-
tative shock loading of continuous flow activated sludge systems, noted 
that changes in the biokinetic constants occurred when qualitative shock 
loads from glucose to a mixture of glucose and sorbitol to sorbitol were 
administered. It was suggested that these variations in the biokinetic 
constants may have been caused by predominance changes and variability 
in the microbial components of the heterogeneous populations. Although 
COD 11 leakage 11 was generally noted at the onset of the shocks (later 
abating), the components of this 11 leakage 11 were rarely the original sub-
strates. Su (31) worked extensively with batch and continuous multi-
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component substrate systems. Certain substrates, among them sorbitol, 
galactose, glycerol, and xylose, were found to exhibit sequential sub-
strate removal in batch systems when glucose was also present. Glucose 
almost always was the preferred substrate. This work also emphasized 
the fact that a residual COD remained that was not composed of any of 
the initial substrates. Chian et al. (4) also reported sequential sub-
strate removal in a batch system receiving a naturally occurring waste-
water (landfill leachate). Again, the formation of intermediates was 
noted and an attempt was made to identify them. Decomposition was 
found to occur in three stages with the carbohydrates being metabolized 
first, fatty acids second, and the phenolics as well as ~he intermedi-
ates found during the first two phases were removed last. 
An area of great concern regarding the biological treatment of 
priority pollutants is the potential for microbiological toxicity. Re-
search involved with phenol (5) indicated that a phenol concentration 
of 2000 mg/L was bacteriacidal but that lower concentrations could be 
degraded. Other research utilizing pentachlorophenol (12) and glucose 
batch systems demonstrated that for unacclimated cells, shock load pen-
tachlorophenol (PCP) concentrations of 5, 15, and 30 mg/L impaired the 
uptake of glucose. Uncoupling of oxidative phosphorylation and dispers-
ing of the floe were evident. Cells acclimated to PCP were thought to 
have undergone a predominance change due to pronounced change in color 
of the microorganisms. After seven-hour substrate removal tests, phenol 
analyses indicated no PCP removal. Other research (10) seemed to imoly 
that PCP was removed by batch cultured organisms after prolonged accl i-
mation and stepwise increase in PCP concentration (inferred from COD 
data). Parameters suggested as means by which to measure toxicity are 
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oxygen uptake, sludge dehydrogenase activity, and ATP content (17). 
Broeker and Zahn (3) compared results from five toxicity test procedures 
to the actual performance of a pilot activated sludge plant exposed to 
3,5-dichlorophenol. All five tests (2- and 20-hour oxygen uptakes, de-
hydrogenase activity, gas formation in fermentation tubes, and inhibi-
tion of cell division in Pseudomonas) all predicted observed toxicity 
threshold levels of the pilot plant toward 3,5-dichlorophenol rather 
well. An interesting observation pertaining to this study was that the 
activated sludge could assimilate a shock load after an acclimation 
period but without the presence of 3,5-dichlorophenol, the sludge would 
lose its adaptive capacity in three or four days. Unfortunately, no 
mention was made of sludge age in the pilot plant in that it would be 
of some interest to compare the time required to lose its adaptive capa-
city to various sludge retention times. It was also noted that effluent 
qua! ity was impaired to a lesser degree upon shock loading at low sludge 
loadings. 
Although not the focus of this work, some mention should be made 
regarding air stripping of volatile compounds in that, as a result of 
sludge aeration, there is a potential for volatile compounds to be re-
moved by nonbiological processes. Thirty-six of the priority pollutants 
are listed as being amenable to steam or air stripping (28). Gaudy and 
Engelbrecht (8) found that the critical parameters affecting the overall 
transfer coefficient for stripping were temperature, unit air flow, and 
tank geometry. One case was documented where an aldehyde was chemically 
converted to another compound (most likely an acid) which gave rise to 
a situation whereby specific compound analyses pointed toward a strip-
ping phenomenon but a more nonspecific test of organic content (COD) did not. 
l l 
Although employed in a few full scale applications (13), batch sys-
tems are not generally utilized as a unit operation in wastewater treat-
ment systems. Rather, completely mixed or plug flow activated sludge 
units are much more common in the field. Although purported to simulate 
a batch reactor as the influent moves as a slug through the reactor, 
plug flow units have been reported to more closely resemble a completely 
mixed system (15). Batch units are, therefore, most often used to indi-
cate whether or not a particular waste can be biochemically oxidized and 
to approximate the response of a continuous flow reactor. However, there 
is some question pertaining to the validity of employing data derived 
from batch units to predict the performance of a continuous flow reactor 
( 10) • 
CHAPTER 111 
MATERIALS AND METHODS 
3. 1 General Research Approach 
Batch-fed (fill and draw) activated sludge units, as shown in Figure 
1, were employed in these studies. The cylindrical, 3.75 inch diameter, 
3.5 liter capacity reactors were supplied with sufficient diffused air 
(2L/min) to maintain greater than 2 mg/L dissolved oxygen even after 
feeding. Initially, seeding organisms were obtained from the Stillwater 
Municipal Sewage Treatment Plant's (SMSTP) primary clarifier effluent 
and supplied with a 200 mg/L glucose and sewage feed until an adequate 
supply of microorganisms developed. 
Standard operating procedure for the batch activated sludge units 
follows: 
l. One liter of mixed liquor was removed from the reactors which 
contained 3 liters of activated sludge which had 23 hours to metabolize 
the previous day's feed. 
2. The diffused air supply was removed from the reactors and one 
hour was allowed for settling. 
3, One liter of settled supernatant was withdrawn from each unit. 
4. To two liters of primary effluent (obtained daily from the 
SMSTP), 300 rng/L glucose and 150 mg/L ammonium sulfate were added. It 
was determined that sufficient phosphorus was present in the domestic 



















sludge remaining in the unit. The air diffuser was then replaced. 
After 23 hours the procedure was repeated. 
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Parameters monitored regularly were pH and temperature as well as 
suspended solids and soluble chemical oxygen demand (COD) both after 
the 23-hour metabolic period (before feeding) and immediately after in-
troducing the wastewater (after feeding). Parameters monitored inter-
mittently were soluble total organic carbon (TOC), gas chromatographic 
or colorometric analyses for priority pollutants, settled supernatant 
suspended solids, mixed liquor, dissolved oxygen uptake rate, and solu-
ble carbohydrate. When an analysis is designated as soluble, the sam-
ple was passed through a mi llipore filter (0.45 µrn). 
3.2 Determination of the Compatability of the 
Priority Pollutant With the Biological 
Treatment of a Glucose-Sewage 
Wastewater 
In this work two priority pollutants, 2-nitrophenol (2NP) and 4-
chloro-3-methyl phenol (CMP), were selected for study. Two batch units 
were operated under identical conditions for a brief control period (one 
to two weeks). After this control period, one of the units (the test 
unit) began receiving 5 mg/L of the priority pollutant under investiga-
tion in its feed. The other unit, termed the control, never received 
the priority pollutant but, in all other respects, was identical to the 
test unit. Running these two units simultaneously permitted a more mean-
ingful assessment of the effect of the priority pollutant on the batch 
system. After allowing a reasonable period of time to elapse in order 
to determine the effect of the priority pollutant on the batch system 
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performance (three to five weeks), the dosage was increased to 25 mg/L 
priority pollutant. The effect of the priority was again determined. 
The priority pollutant concentration was finally increased to 50 mg/L 
and its effect measured. Following the 50 mg/L priority pollutant con-
centration, a series of eye! ic dosages were administered to determine 
if removal of the compound from the feed for several days followed by 
reintroduction of the priority pollutant would have any adverse effect 
on the batch system operation. Evaluation of this long-term data with 
special reference to 23-hour supernatant soluble COD, soluble TOC, and 
suspended sol ids was expected to provide valuable insight regarding the 
compatability of the priority pollutant with the activated sludge pro-
cess. Slowing the rate of substrate removal was also thought to be a 
potential problem that a priority pollutant might introduce. For this 
reason substrate removal tests were performed at least once during each 
priority pollutant concentration. During these studies, suspended 
solids concentrations, soluble COD and often soluble TOC, priority pol-
lutant concentration, soluble carbohydrate, and dissolved oxygen uptake 
rate were periodically monitored during the 23-hour metabolic period. 
3,3 Determination of the Fate of the Priority 
Pollutant During the Batch Biological 
Treatment Process 
The long-term data and the substrate removal data, especially the 
2NP and CMP analyses, provided some information relating to the fate of 
the priority pollutant in the batch systems. Air stripping tests were 
also performed in the same reactor type and under the same conditions 
of air flow and temperature as the biological units. This was done to 
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determine whether the removal of the compound was due to the biomass or 
to the air stripping capability of the diffused-air-supplied batch reac-
tor. In addition, independent substrate removal tests utilizing the 
priority pollutant as the sole organic carbon source and employing a 
seed culture obtained from the long-term acclimated batch systems were 
run. Substrate removal, total suspended solids, suspended carbohydrate, 
suspended protein, and dissolved oxygen uptake rate provided excellent 
information pertaining to the fate of the priority pollutant in biologi-
cal systems. 
A summary of all of the analytical techniques used for these inves-













ANALYTICAL TECHNIQUES EMPLOYED IN THESE INVESTIGATIONS 
Membrane Filter Technique, Milipore Type H.A.--0.45 µm 
Chromic Acid Oxidation 
Beckman Model 915 TOC Analyzer 
F&M Model BlOL-12 Gas Chromatograph; Extraction 
Add NH40H:NH4Cl Buffer pH 8.0 and compare with 
known standards on Spec 20; wavelength 400 
Orion Research Model 701 pH meter 
Weston & Stack Model 330 D.O. Analyzer in a BOD bottle 
mixed with a magnetic mixer. Cumulative value derived 




Standard Methods (26) 
Procedure substituting a 
membrane filter for a 
glass fiber 
Standard Methods (26) 
Beckman Instruments 
U.S. EPA Procedure (6) 
Developed In-House 
OSU M-2 Manua 1 (21) 
OSU M-2 Manua 1 (21) 




4. 1 4-Chloro-3-Methyl Phenol 
4. 1. 1 Lona Term Data 
A difficulty encountered when attempting to compare analytical re-
sults of biological systems is that a certain amount of variation would 
be expected even between systems that were operated identically. An 
effort was made to separate this inherent variation from statistically 
significant discrepancies which may have been induced by the priority 
pollutant. This was accomplished by developing probability plots of vari-
ations recorded between three control units operated identically for a 
period of 140 days (which included 60 sampling days from each unit). A 
base period of comparison of 10 sample days was selected. Variations be-
tween Number l and Number 2 control units were ranked for each of six 
periods of comparison. The same procedure was followed for comparisons 
of control units Numbers 1 and 3, as well as for control units Numbers 2 
and 3. If the value for the first control was greater than the control 
to which it was being compared, a positive variation was assigned. If 
the reverse was true, the variation was considered to be negative. These 
comparisons were then composited. A mean value and standard deviation 
for each rank were determined and plotted on arithmatic probability paper. 
Parameters considered for statistical analyses were soiuble 24-hour COD, 
24-hour suspended solids and solids yield. An example of these probabil-













ex x UJ-40 a.. 
-2'tr 
5 3 7 95 
THE PROBABILITY a= BEING LESS THAN 
Figure 2. Inherent Variability Expected Between 
Three Similarly Operated Batch Acti-
vated Sludge Reactors for Ten Con-
secutive Sampling Days. 
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it can be seen that 70 percent of the ti me the var i ab i 1 i ty observed in 
soluble 24-hour COD between two identically operated control units would 
be less than 13 percent. Thirty percent of the time, one would expect 
this variability to be less than -10 percent (show high variability in 
the negative direction). When comparing test unit performance with that 
of the control, a probability plot was determined and superimposed onto 
the control plot in order to judge if there were any statistically signi-
ficant discrepancies (Figures 4, 5, 6, 13, 14, 15). 
It should be noted that solids yield values were simply calculated 
as the increase in suspended solids concentration after 24 hours divided 
by the soluble COD removed. Suspended sol ids concentrations of the domes-
tic primary clarified waste water used in feed preparation generally aver-
aged 50 mg/L and could range from 20 to 100 mg/L. The chemical composi-
tion of these ~olids could quite conceivably be variable, also. Probably 
due to day-to-day variation in feed suspended solids concentration and 
composition, yield calculations showed tremendous fluctuations. This ex-
perimental condition could also explain the spiked shape of the suspended 
solids curves found in the long-term batch system plots. 
4. 1.2 Control Period 
Figure 3 illustrates four months of suspended solids and soluble sub-
strate data for both the control and test units. Table I I I presents sta-
tistical analyses of these same data. Each dosing period was separated 
into two parts. This was done in order to determine if the compound caus-
ed either an initial reaction that was later mitigated or had a delayed 
effect. At the conclusion of a brief control period, it can be seen that 
both units exhibited similar performance with respect to solids production 
and COD removal. Figures 4, 5, and 6 show probability plots of the vari-
ability observed between the control and test units for 24-hour soluble 
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TABLE Ill 
LONG TERH STATISTICAL ANALYSIS FOR A BATCH UNIT SUBJECTED TO 
VARYING DEGREES OF 4-CHLORO-J-HETHYL PHENOL 
Control 
In It la I 24 hr -27ihr 
q-Chloro-3-Meth~I Phenol 
24 hr 24 hr Int t lal nl t I a I lnl t lal 
so I. COO so I. COO SS SS Sol ids al. COO sol. COO SS SS 
mo/L mo/L mq/L mq/L Yield mq/L mq/L mq/L mq/L 
4 s 5 5 4 4 5 5 5 
2li0 62 415 306 . 50 2li8 61 425 311 
24 17 18 39 . IJ 20 14 32 li3 
6 8 7 7 5 6 8 8 7 
254 64 414 329 .46 258 67 388 295 
II 9,9 26 30 . 06 14 . 6.7 38 25 
10 10 10 10 10 10 10 10 10 
260 65 434 342 . 52 265 66 li36 325 
16 15 52 34 .19 18 6.0 61 35 
8 8 8 8 8 8 8 8 8 
264 57 1173 401 .33 295 6li 419 329 
13 20 25 32 .22 11 II 36 28 
9 7 11 11 s 10 10 10 II 
21t5 68 509 391 .66 269 81 357 283 
35 32 50 35 . 13 25 32 45 40 
5 5 5 s 5 6 6 6 6 
237 5li 4110 339 . 55 288 72 321 228 
8.8 9.9 71 39 .38 25 18 37 27 
6 6 6 6 6 6 6 6 6 
244 1,9 1160 317 ,75 295 64 360 245 
12 12 30 28 .22 31 7.8 36 28 
4 Li 4 4 4 4 4 4 11 
249 52 411 t 306 .70 279 82 319 237 
27 18 29 87 .40 22 5,7 37 24 
3 3 3 . 3 3 
270 52 438 337 • Lia 
4 3 4 4 
328 89 311 227 
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COD, 24-hour suspended solids and solids yield, respectively. Positive 
variability indicates that the control unit value was higher. It can be 
seen that variations observed during the control period in all three were 
generally within one standard deviation of the control comparison. Unfor-
tunately, the number of sample comparisons for this control period is less 
than 10, and a strict statistical relation to the 10-day comparison period 
will not be accurate. 
4. 1.3 5 mg/L CMP Dosage 
After addition of 5 mg/L CMP to the test unit feed, a slight decrease 
in suspended solids was noted during the first 16 days of this dosage (Fig-
ure 3) . 
Statistical evaluation of the data (Figures 4, 5, and 6) shows that 
nearly all the variability lies within one standard deviation of the in-
herent variability expected between control units, but that a weak trend 
of higher 24-hour soluble COD and lower 24-hour suspended solids of the 
test unit relative to the control unit is present. The remaining 20 days 
during which 5 mg/L CMP was fed to the test unit indicated that the vari-
ability in 24-hour suspended solids and soluble COD between the test and 
control units exhibited no statistically significant differences. Sol ids 
yield demonstrated a weak trend of the test unit producing a higher sol ids 
yield than the control. Soluble TOC analyses exhibited no consistent 
trend. Gas Chromatography (GC) analyses determined after 33 days of accli-
mation to 5 mg/L CMP indicated that no detectable levels of CMP were found 
in the 24-hour settled supernatant or the sludge. It should be noted that 
after approximately 29 days of exposure to 5 mg/L CMP, the test unit sludge 
was observed to have changed to a dark brown as opposed to the golden 
brown color which characterized the control sludge. Further, at the same 
time, the 24-hour pH of the test unit became consistently higher than that 
27 
of the control and remained as such for the duration of the study (Table 
IV). 
4. 1.4 25 mg/L CMP Dosage 
Increasing the CMP concentration in the test unit from 5 mg/L to 
25 mg/L produced an effect that was obvious on both the long term plot 
(Figure 3) and the probability plots pertaining to this period (Figure 
4, 5, and 6). Statistically, a trend of decreasing suspended solids in 
the test unit relative to the control was observed during the first 20 
days of application of 25 mg/L CMP. All the variations were greater than 
one standard deviation from that which could be expected from two control 
units. In fact, half of the variation was greater than two standard devi-
ations from expected control variation indicating almost certainly that 
the CMP dosage was the cause for the decreased suspended solids concentra-
tion of the test unit. 24-hour soluble COD exhibited a weak statistical 
trend of being higher in the test unit. Although most of the data vari-
ability was within one standard deviation of the inherent control varia-
tion, a significant amount of the data was found to be outside the limit 
of one negative standard deviation. Solids yield statistical comparison 
demonstrated little difference between the inherent control variation and 
that observed between the test unit and control. Limited data concerning 
residual TDC indicated little difference between the test unit and the 
cont ro 1. 
The last 20 days of administration of the 25 mg/L CMP dosage result-
ed in a continuing of the trends that occurred during the first 20 days 
of 25 mg/L CMP with respect to 24-hour soluble COD and suspended solids. 


















pH DETERMINATIONS FOR CONTROL AND 4-CHLOR0-
3-METHYL PHENOL BATCH UNITS 
4-Chloro-3-Methyl Control Unit Test Unit 
Phenol Dosage mg/L pH pH 
0 5 5 
8.4 8.4 
0. 13 0. 16 
5 18 18 
7.8 7.9 
o.42 0.44 
25 17 1 7 
7.7 8.3 
0.21 0. 18 
50 1 l 1 1 
7.8 8.4 
0.32 0.07 
0-0-50 4 4 
7.9 8.4 




test unit were 30 percent lower than those of control, while soluble COD 
values of the test unit exceeded those of the control by 19 percent. Sta-
tistically, those trends became more significant. Solids yield, on the 
other hand, showed many points which were greater than one standard devi-
ation from the variation inherent in the control units themselves, but 
the direction of the variation was random. However, significant differ-
ences between control and test unit residual TOC were not found. In re-
gard to GC analyses for CMP, it was found that upon first increasing the 
CMP dosage from 5 mg/L to 25 mg/L, 33 percent of the initial CMP present 
was found to have remained in the unit after 24 hours. Subsequent analy-
ses after 16, 41, and 42 .days showed no detectable levels of CMP in the 
24-hour supernatants representing removal efficiencies of at least 89 
percent. 
4. 1.5 50 mg/L CMP Dosage 
When subjected to an influent CMP concentration of 50 mg/L, 24-hour 
suspended solids concentrations of the test unit were 24 percent lower 
than those of the control while test unit 24-hour soluble COD exceeded 
control values by 33 percent (based upon mean values). Figures 4 and 5 
illustrate that these differences are statistically significant with 
most of the variations greater than two standard deviations from the in-
herent variability expected.within control units. No consistent, statis-
tically significant differences were noted between test unit and control 
solids yield at this dosage. 
Residual TOC showed a trend of being higher in the test unit. After· 
22 days of acclimation to the 50 mg/L CMP feed dose, GC analyses of the 
24-hour supernatant yielded no detectable levels of CMP corresponding to 
at least 98 percent removal efficiency. 
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4. 1.6 Cyclic Dosages of 50 mg/L CMP 
The final twelve days of the study consisted of cyclic dosages of 
50 mg/L CMP which was administered on every third day while no CMP was 
added on the other two days. The data indicated that significantly high-
er residual COD and TOC values were recorded on those days following 50 
mg/L CMP dosages when compared to those days when no CMP was added. 
Within an accuracy range of two to three percent, solids yield and sus-
pended solids concentrations of the test unit showed no marked differences 
whether or not CMP was added. It should also be noted that the pH of the 
test unit remained approximately the same magnitude higher over the con-
trol pH whether CMP was included in the feed or not. However, a more 
reddish color appeared in the test unit on those days when CMP was added. 
This red component was found to be a soluble substance since filtered 
samples absorbed light at 540 µm. 
4. 1.7 GC Analyses 
Table V presents a summary of the GC data collected for CMP as well 
as the calculated feed concentrations that should have resulted. The 
CMP dosed at 50 mg/L was calculated on the basis of the three liter reac-
tor volume while the other CMP dosages were calculated based on the two 
liters of feed added. 
4. 1.8 Supernatant Suspended Solids 
Table VI summarizes the 24-hour settled supernatant suspended solids· 
content of both the control and the test unit in an effort to give some 
indication of the solids-liquid separation tendency. It appeared that 
Description 
After 33 days 
of acclimation 
to 5 mg/L CMP 
First day of 
25 mg/L CMP 
After 16 days 
of acclimation 
to 25 mg/L CMP 
After 41 days 
of acclimation 
to 25 mg/L CMP 
After 42 days 
of ace Ii mat ion 
to 25 mg/L CMP 
After 38 days 
of acclimation 
to 50 mg/L CMP 
TABLE V 


























< l. 3 
<0.8 
Extracted sludge during 5 mg/L CMP dosing period had no detectable 
CMP (<1.6 mg/l). 
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TABLE VI 
4-CHLOR0-3-METHYL PHENOL BATCH UNIT 24-HOUR SUPERNATANT 
SUSPENDED SOLIDS SETTLED FOR ONE HOUR 
CMP Contra 1 Test Unit 
Da}'.S Dosa~e m9/L SS mg/L SS mg/L 
8 0 32 30 
9 5 47 53 
15 5 19 46 
22 5 3 27 
n 3 3 -x 23 42 
29 5 ] If 33 
37 5 22 24 
44 5 24 26 
n 3 3 
x 20 28 
45 25 l 0 32 
51 25 32 35 
59 25 32 77 
n 3 3 - 24 48 x 
65 25 33 16 
75 25 22 20 
81 25 31 35 
n 3 3 
x 29 24 
94 50 41 31 
100 50 26 14 
n 2 2 
x 33 22 
106 50-+0-+0 19 27 
109 50-+0-+0 17 18 
112 50-+0-+0 1 5 23 
l 1 5 50-+0-+0 14 23 
n 
x 16 23 
107 0-+0-+50 30 37 
11 3 0-+0-+50 20 33 
l 16 0-+0-+5Q_ 21 25 
n 3 3 
x 24 32 
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after first initiating a 5 mg/L CMP dosage in the test unit, 24-hour sup-
ernatant suspended solids (settled one hour) were significantly higher 
than those of the control. However, at the e_nd of the 5 mg/L dosing 
period, the differences in 24-hour supernatant suspended sol ids were 
greatly reduced. The same trend was observed when the CMP dose was in-
creased to 25 mg/L. At fi.rst, 24-hour supernatant suspended solids were 
markedly higher in the test unit but after approximately 20 days of ac-
climation, these differences were mediated. During the period when 50 
mg/L CMP was included in the test unit feed, one of the two analyses per-
formed indicated that the test unit supernatant suspended solids were 
actually lower than those of the control. During the cyclic addition of 
50 mg/L CMP, the test unit suspended solids concentrations were 25 per-
cent to 30 percent higher than those of the control. However, no signif-
icant differences in test unit suspended solids of the supernatants were 
observed between analyses performed when 50 mg/L CMP was administered 
and when no CMP was included in the feed. 
Periodic microscopic examinations of the sludges of both units fail-
ed to show any major._differences:in-flocculationor protozoan species and 
numbers .. Fi-lamentous, a.rgan1;sms were.nevar presen-t in·noticeab·le quanti-
ties. 
4.2 Substrate Removal Tests-4-Chloro-3-
Methyl Phenol 
4.2. l 5 mg/L CMP 
Figure 7 illustrat~s the response of the batch fed unit receiving 
200 mg/L glucose, municipal wastewater (primary clarifier effluent), and 
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Figure ]. Substrate Removal Test; 0-5 ppm CMP; 22°C 
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no CMP. Substrate (COD) removal rates and efficiencies were nearly iden-
tical but a slight decrease in the 22 hour suspended solids concentration, 
as well as the .5, 2.2, and 4.7 hour solids determinations was noted rela-
tive to the control. 
4.2.2 25 mg/L CMP 
Figure 8 depicts the response of the test unit after increasing the 
CMP dosage from 5 mg/L to 25 mg/L. The control unit, which had never 
been exposed to CMP, received a feed consisting of only 300 mg/L glucose 
plus primary clarifier effluent. Its substrate removal and growth charac-
teristics are plotted also. GC analyses indicated that approximately 
one-third of the initial CMP administered remained in the test unit after 
24 hours. With the exception of the 24-hou~ COD reported for the test 
unlt, the general trend of the TOC and COD data is that any increase of 
test unit substrate concentration above the control unit values could be 
attributed to the CMP still remaining in the unit. Throughout the run, 
test unit suspended sol ids were less than those of the control unit. 
Figure 9 illustrates the performance of the test unit after 36 days 
of acclimation to is mg/L CMP. By this time it had become obvious that 
the test unit and control unit sludges were considerably different (as 
determined by color, pH and suspended solids concentration). Therefore, 
for this and subsequent substrate removal tests performed using CMP, the 
control sludge was obtained from the long term test unit and simply not 
dosed with CMP. Although the 22-hour suspended solids concentration of 
the test unit was quite similar to that of the control, the test unit 
exhibited higher suspended solids concentrations from the sixth to the 
sixteenth hour of the run. Soluble COD and TOC of the test unit showed a 
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pattern of diphasic removal with the first stage (0-4 hours) correspond-
ing to the control removal curve and the second phase (7-14 hours) cor-
responding to the CMP removal as indicated by GC analyses. Soluble 
anthrone reactive compounds were removed at the same rate and·with the 
same efficiency in the control and test unit. Anthrone reactive com-
pounds were removed in the first phase in the test unit. Dissolved 
oxygen uptake accumulated after 24 hours indicated that an additional 40 
mg/L of dissolved oxygen was required by the test unit. This corresponds 
well with the fact that both units appeared to have started and finished 
the run with approximately the same suspended solids concentrations mean-
ing that the additional 40 mg/L of oxygen uptake could be explained by 
the theoretical oxygen demand of the CMP administered. 
4.2.3 50 mg/l CMP 
Figure 10 shows the growth and substrate removal characteristics of 
the test unit after 37 days of acclimation to 50 mg/L CMP. Differences 
noted in growth characteristics between the control and test unit (as 
indicated by suspended solids measurements) were, first, that five hours 
were required for the test unit to reach its maximum sol ids concentration 
while only two and one half hours were required for the control and, 
second, test unit solids achieved a 4 percent to 5 percent greater sus-
pended solids concentration than that of the control between five and 
approximately twelve hours. At the end of the run, however, both units 
appeared to have comparable suspended solids levels. Substrate removal 
in the test unit in terms of COD and TOC showed a diphasic removal com-
pared with the one step removal of the control. Anthrone analyses indi-
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Figure 10. Substrate Removal Test; 50 ppm CMP; 19°C 
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confirmed that the CMP was being removed during the second phase. Based 
upon three data points, removal rates and efficiencies for anthrone reac-
tive substances were the same for both the test and control units. Oxy-
gen uptake characteristics indicated that after six to eight hours, the 
test unit had a higher oxygen demand relative to the control and, by the 
end of the run, had a cumulative oxygen uptake 49 mg/L in excess of that 
of the control. 
4.2.4 CMP as Sole Substrate 
Figure 11 presents the data collected pertaining to substrate remov-
al, biological growth, and respiration of a batch fed biological system 
receiving 4-chloro-3-methyl phenol as the sole carbon substrate. During 
the time period from zero to approximately ten days, very little biologi-
cal growth or substrate removal (beyond that attributable to air strip-
ping) occurred. The initial increase in suspended sol ids concentration 
may have been the result of the development of an inorganic precipitate. 
This was suspected to be the case, since no oxygen uptake or net COD re-
moval (beyond that due to stripping) accompanied the initial solids in-
crease. 
After approximately ten days of this lag period, biological activity 
was noted with increase in suspended solids, suspended protein (49% of 
suspended solids), and suspended carbohydrate (26% of suspended sol ids). 
At the same time, dissolved oxygen uptake rate increased while soluble 
COD and TOC exhibited decreasing trends. 
Because there were two substrate removal mechanisms operating--name-
ly, biological removal and air stripping--a stripping unit was operated 
in conjunction with the biological unit in order to be able to determine 
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the significance of each of the mechanisms. Under the conditions of this 
experiment (pH 7.7-8.3, 19°C and 1.33 L air/min/L aeration volume). CMP 
stripped at a constant rate of 0.31 mq COD/L/hr (O. 17 mg CMP/L/hr). TOC 
data also exhibited a decreasing trend in the biological unit during the 
time in which biological activity (as measured by dissolved oxygen uptake 
and solids production) was low, indicating that this decrease in TOC was 
due to air stripping. 
Overall, a COD removal efficiency of 84 percent was observed between 
10 and 12 days. If we assume that the rate of air stripping remained con-
stant during these two days, only 15 mg/l of the total 233 mg/L decrease 
in COD could have been removed by this mechanism. Biological uptake of 
CMP appeared to be the predominant removal mechanism accounting for the 
reduction of 94 percent of the ~COD between 10 and 12 days. It should 
also be noted that both COD and TOC data showed increases in concentra-
tions between the twelfth and fourteenth day. Using a value of 1.42 g 
COD/g biological solids, a solids yield value of 50 percent was observed 
based upon COD. 
4.3 2-Nitrophenol 
4.3.1 long-Term Data 
Much of the long-term data were performed by a coworker, Whang (32), 
whereas this work involved a more detailed study of substrate removal 
characteristics utilizing 2-NP. A re-evaluation of Whang's data was made 
and the same statistical criteria were applied to gauge the significance · 
of any discrepancies. 
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4.3.2 Control Period 
Figure 12 graphically illustrates the performance of the control data 
and 2-NP test unit during Whang 1 s study. A statistical analysis appears 
in Table VI I. During the brief control period, any differences noted be-
tween soluble 24-hour COD and 24-hour suspended sol ids were found to be 
insignificant statistically (Figures 13 and 14). Biological sol ids yield 
data (Figure 15), however, indicated that possibly significant differences 
beyond one standard deviation from the inherent variability expected be-
tween two control units had occurred. It should be stressed, however, 
that the number of control points selected for comparison was less than 
the ten data point base period utilized to determine inherent control unit 
variability. Strictly speaking, then, a truly accurate statistical com-
parison cannot be made here. 
4.3.3 5 mg/L 2-NP Dosage 
Upon administration of 5 mg/L 2-NP, nearly all the variability be-
tween the control and test unit with respect to 24-hour soluble COD or 
suspended solids was within one standard deviation of the expected inher-
ent variation between control units., Sol ids yield data indicated that 
there may have been a weak trend of having the test unit yield of solids 
greater than that of the control. It was noted by Whang (32) and veri-
fied in this subsequent work that, initially, the characteristic yellow 
color of 2-NP was found in the 24-hour supernatant of the test unit after 
the first day of feeding 5 mg/L. This 11bleed-through 11 persisted for 
eight days, after which time it ceased, indicating possible metabolism of 
the 2-NP by the sludge. Since the amount of soluble COD imparted by the 
5 mg/L 2-NP was quite small in relation to the soluble 24-hour COD of the 
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Figure 12. Long-Term Suspended Solids and Soluble Substrate Concentrations for a 
Batch Control Unit and a Test Unit Exposed to Increasing Concentra-
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TABLE V 11 
LONG TERM STATISTICAL ANALYSIS FOR A BATCH UNIT SUBJECTED 
TO VARYING DOSAGES OF 2-NITROPHENOL 
Cont ro 1 Un i t 2..:.NP Test Unit 
In it i a 1 24 hr 24 hr Initial Initial 24 hr 24 hr In it i a 1 
sol.COD so 1. COD SS SS so 1 . COD so 1 . COD SS SS 
mq/L mq)L mg/L mg/L Yield pH mq/L mq/L mq/L mq/L 
7 7 7 7 7 7 7 7 7 7 
280 56 544 394 . 739 7.7 279 56 555 432 
134 41 65 99 .583 0.2 149 38 95 60 
7 6 7 7 6 5 7 7 7 7 
334 65 522 337 . 724 7.7 337 70 539 343 
128 26 119 52 .603 0.2 139 29 98 43 
8 8 7 8 7 7 8 8 7 8 
256 47 567 395 .849 7.8 256 49 679 455 
16 14 205 78 .914 0.2 24 18 133 91 
10 10 10 10 9 10 10 9 10 10 
254 54 554 452 .490 7.5 274 52 511 455 
26 15 74 70 . 251, 0.3 29 7 112 82 
9 9 10 9 7 9 8 9 10 9 
235 61 532 467 .669 7.7 263 47 555 470 
28 51 140 194 .488 0. L1 24 20 11 5 176 
8 7 8 8 6 7 8 7 8 8 
256 54 462 428 .205 7.7 265 47 526 451 
82 1 5 44 70 .207 0.2 44 14 54 11 1 
6 6 8 6 6 8 6 6 6 6 
185 42 491 523 . 185 7.8 217 50 598 531 
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Figure 13. Analysis of Statistically Significant Effects of 
Various Dosages of 2:-NP Upon 24-Hour Soluble 
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test unit, it is conceivable that it could be masked by the inherent vari-
abi 1 ity of the control unit the projected on the probability plot. Care-
ful scrutiny of the data indicates that several values of the variability 
concerning soluble 24-hour COD were significant to one negative standard 
deviation of the natural inherent variability expected. The 2-NP bleed-
through may account for the statistical significance of those values. 
Further, during the last ten sampling days of the 5 mg/L dosage, the vari-
ations between the test and control unit with respect to soluble 24-hour 
COD were even less significant. Solids yield discrepancies between the 
two units were no longer shown to be statistically significant, either. 
By the variability probability plot (Figure 13), 24-hour suspended sol ids 
concentrations of the test unit were found to be significantly higher 
than those of the control (18% higher based on mean values). 
4.3.4 25 mg/L 2-NP Dosage 
During the first ten sample days, upon administration of the 25 mg/L 
2-NP dosage, the most striking statistical observation would have to be 
the sharp slope of the probability plots constructed for 24-hour soluble 
COD, suspended solids, and sol ids yield. This phenomenon may have been 
the result of rather sudden changes brought about during the first ten 
sampling days after increasing the 2-NP dose to 25 ppm. In other words, 
this period may have been a transition from the system conditions during 
the 5 mg/L dosing period and those conditions induced by the 25 mg/L 2-NP 
dosage. For instance, this period represented a transition with respect 
to soluble 24-hour COD from the 5 mg/L period, where no statistically sig-
nificant discrepancies existed between the control and test unit to the 
last ten sampling day period of feeding 25 mg/L 2-NP, where the test unit 
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appears to have a statistically lower soluble COD than the control. At 
the same time, this transition period represented a time when 24-hour sus-
pended solids which had been statistically lower for the control during 
the 5 mg/L period eventually increased to a level where no statistically 
significant variability existed between the test unit and control (latter 
part of the 25 mg/L 2-NP dose). With respect to solids yield, the vari-
ability found between the test unit and control during the latter part of 
the 25 mg/L 2-NP dosing period was similar to that found during the latter 
part of the 5 mg/L 2-NP dosing period. Yet, the transition period of the 
first ten sampling days at 25 mg/L 2-NP was marked by several points, in-
dicating that the control unit sol ids yield was significantly higher than 
that of the test unit while the rest of the points indicated that no sta-
tistically valid variability existed between the two units. 
4.3.5 50 mg/L 2-NP Dosage 
Soluble 24-hour COD variability between the test unit and control 
showed no strong trend during the first ten sampling days of the 50 mg/L 
2-NP dosage. Indeed, there was virtually no evidence of 11bleed-through" 
of the 2-NP which should have manifested itself by causing higher 24-hour 
soluble COD values for the test unit. The final ten sampling days during 
which 50 mg/L 2-NP was applied showed no statistically significant varia-
tion between control and test unit soluble 24-hour COD. Solids yield and 
24-hour suspended solids concentrations did seem to be affected to a sta-
tistically significant degree during the application of 50 mg/L 2-NP. 
Suspended solids during the first ten sampling days were higher in the 
test unit and this trend was even stronger during the last ten sampling 
days with test unit 24-hour suspended solids concentrations 22 percent 
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higher than those of the control. Biological solids yield also appeared 
higher for the test unit to a statistically significant degree with the 
final ten sampling days showing the strongest trend. 
4.3.6 Cyclic Dosages 
Whang (32) also subjected the test unit to over one week of cyclic 
doses of 50 and 25 mg/L 2-NP followed by about one week of cycling from 
zero to 25 mg/L 2-NP. Test unit 24-hour soluble COD showed no sign of 
deterioration, but suspended solids levels in the unit remained higher 
relative to the control. The long-term tests were concluded by feeding 
25 mg/L 2-NP once every third day. Again, no deterioration in test unit 
effluent quality resulted, even on those days which 2-NP was administered. 
Suspended solids concentrations of the test unit and the control did be-
come more similar during this period, however. 
4.3.7 GC Data 
A summary of gas chromatograph analyses performed on the test unit 
can be found in Table VI I I. Note that no detectable quantities of 2-NP 
were ever found in the 24-hour supernatant or mixed liquor samples. 
4.3.8 Supernatant Suspended Solids 
Table IX summarizes the limited supernatant suspended solids data 
compiled by Whang and myself. The data do not indicate any obvious trend 
concerning the effect of 2-NP on the settleability of batch-activated 
sludge systems. 
Again, periodic microscopic examination of the two units that were 
operated failed to produce any major differences in flocculation, 
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TABLE V 111 
GC ANALYSES FOR 2-NITROPHENOL 
Measured 
Calculated Measured 24-Hour Measured 
Feed Cone. Feed Cone. Supernatant M i xe d L i q UC r 
Description mg/L mg/L Cone. mg/L Cone. mg/L 
After 18 days 
ace 1 i mat ion to 
5 mg/L 3,3 3.8 <0.06 <0.06 
After 25 days 
acclimation to 
5 mg/L 3,3 3.6 <0.02 <0.02 
After 38 days 
acclimation to 
25 mg/L 16.7 2 3. 1 <0.06 <0.04 
After 32 days 
ace! imat ion to 
50 mg/L 33.3 37,5 <0.06 <0.04 
During 25-50 
mg/L cycling 
period 33.3 <0.04 <0.06 
During 0-25-0 
mg/L eye 1 i ng 





After 38 days 
acclimation to 
25 mg/L 
After 30 days 
a cc 1 i mat i on to 
50 mg/L 




mg/L eye 1 i ng 
period 




1. 5 months 
ace l i mat ion 
to 20 mg/L 
TABLE IX 
2-NITROPHENOL BATCH UNIT 24-HOUR SUPERNATANT 
SUSPENDED SOLIDS SETTLED FOR ONE HOUR 
2-NP Dosage Control Test Unit 
mg/L SS mg/L SS mg/L 
25 8 8 
25 40 56 
50 38 42 
50 28 22 
0 62 20 
20 21 15 












protozoan species, or numbers. Very few filamentous organisms were ob-
served in either unit. 
It should also be noted that no significant differences between con-
trol and test unit pH were observed. A statistical summary of pH deter-
mination was presented earlier in Table VI I. 
4.4 Substrate Removal Tests--2-NP 
4.4. J 15 mg/L 2-NP 
Figure 16 presents the results of control and test unit substrate 
removal tests durina which 15 mall 2-NP was administered to the test unit. 
Suspended solids concentrations, although originating and terminating at 
comparable levels, showed different growth patterns in the two units. 
Control suspended sol ids reached higher levels and remained somewhat high-
er than test unit concentrations for at least the first 12 hours of the 
run. Soluble COD and TOC removal rates were quite similar for both units 
except that the test unit soluble COD and TOC concentrations were general-
ly elevated by an amount corresponding to the concentration of 2-NP re-
maining in solution. After about 10 hours, 2-NP concentrations were below 
the level of detection and soluble COD and TOC for the control and test 
unit showed little difference. Oxygen uptake data indicated a slightly 
higher oxygen demand (22 mg/L higher) for the test unit. It is interest-
ing to note that the theoretical oxygen demand of the initial 2-NP pre-
sent was 21 mg/L. Final pH values obtained for both units were the same 
and no differences in appearance were noted between the two units. It 
should also be noted that a one- or two-hour lag occurred before any 
appreciable 2-NP was removed, but that the non-2-NP component of the 
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4.4.2 20 mg/L 2-NP 
Figure 17 illustrates the results of a 7-hour substrate removal test 
where 20 mg/L 2-NP was supplied to the test unit addition to the 200 mg/l 
glucose and sewage that were administered to both the control and test 
units. In reference to suspended solids production, the test unit, in 
this experiment, attained only a slightly higher concentration of suspend-
ed solids relative to the control. Soluble COD in the test unit remained 
higher than COD concentrations in the control unit until about 5 hours, 
when 2-NP analyses indicated that 2-NP concentrations had been reduced to 
neglibible levels. Any discrepancy between test unit and control soluble 
COD could generally be attributed to 2-NP remaining in the test unit. 
Soluble TOC data were less informative in that sometimes the control value 
was lower and at other times higher than that of the test unit. In addi-
tion, the final TOC of the control was found to be zero which is, in real-
ity, quite uni ikely. However, it seemed to be the trend that control 
soluble TOC was generally lower than test unit soluble TOC. Although 
there appeared to be a one-hour lag period from the time substrate was 
added to the test unit until 2-NP was actively removed, the other compo-
nents of the substrate were immediately metabolized. Oxygen uptake data 
indicated that the test unit exerted a significantly higher oxygen demand 
than the control unit. The actual difference in oxygen demand between 
the two units was 20 mg/L while the theoretical oxygen demand of the ini-
tial 2-NP dosed was 28 mg/L. 
4.4.3 50 mg/L 2-NP 
The response of the test unit when exposed to 50 mg/L 2-NP relative 
to the control is shown in Figure 18. Two different growth patterns, as 
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Figure 18. Substrate Removal Test; 50 ppm 2-NP 
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measured by suspended sol ids analyses, were observed. Both units achiev-
ed approximately the same maximum suspended solids concentration, but the 
test unit solids dropped off rapidly after reaching their maximum while 
the control exhibited a more gradual suspended sol ids decrease. After 24 
hours, there was a difference of 50 mg/L suspended solids between the two 
units. In addition, almost no net solids increase occurred in the test 
unit. Substrate removal characteristics showed a pattern of the glucose 
component being removed rapidly (within the first hour) and the 2-NP be-
ing removed much more slowly. It was observed that there was approximate-
ly a 10-hour lag before 2-NP was removed. Anthrone analyses indicated 
that the removal of glucose by both units was identical with respect to 
both efficiency and rate. Soluble COD removal occurred in two steps in 
the test unit. Differences in soluble COD between the two units could be 
accounted for mainly by the 2-NP remaining in the test unit at any parti-
cular time. After 25 hours, test unit soluble COD levels decreased to 
levels found in the control. Soluble total carbon data, although more 
erratic, showed the same general trend as observed with the soluble COD 
data. Dissolved oxygen uptake was 44 mg/L higher for the test unit rela-
tive to the control after 31 hours. The theoretical oxygen demand of the 
initial 2-NP present was 75 mg/L. The fate of the 2-NP metabolites could 
not be determined, since an oxygen balance could not account for the sub-
strate removed in either the suspended solids produced or by the oxygen 
consumed. 
4.4.4 2-NP as Sole Substrate 
Figure 19 illustrates the growth, substrate removal, and respira-
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Figure 19. Batch Substrate Removal Test Utilizing 2-NP as 
the Sole Organic Carbon Source; pH= 8.0; 
Temperature = l9°C 
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as the sole carbon source. In addition, a parallel unit which contained 
no biological organisms was operated in order to measure the magnitude of 
air stripping. Air stripping of 2-NP under the conditions of this experi-
ment (pH 8.0, 19°C, and an air flow rate of 1.33 L/min/L-aeration volume) 
was found to be 0.517 mg COD/L/hr. 
In the biological unit, it can be seen that for a period of three to 
four days, soluble COD removal closely paralleled COD removal in the 
stripping unit. This, coupled with the fact that dissolved oxygen uptake 
rate and increase in biological solids were negligible during this same 
time period, suggests strongly that air stripping was the only substrate 
removal mechanism operating and that the first three to four days were a 
lag phase with respect to biological activity. In regard to biomass pro-
duction, it was noted that suspended solids and protein concentrations 
began an increasing trend after day five and reached a maximum on day 
seven. The highest dissolved oxygen uptake activity occurred at this 
time, providing even more evidence that the 2-NP was being metabolized by 
the microorganisms. During this period of oxygen uptake and suspended 
matter accumulation, all measurements of substrate concentration (soluble 
COD, total carbon, and colorometric 2-NP analyses) were rapidly decreas-
ing. It is interesting to note that suspended carbohydrate concentra-
tions remained constant during the metabolic period, suggesting that 2-NP 
was not converted to carbohydrate storage products. The primary substrate 
removal mechanism operating between five and seven days appeared to be 
biological uptake, since air stripping during this period could only have 
accounted for a maximum 13 percent COD removal efficiency while the actual 
observed efficiency was 73 percent. Soluble 2-NP (colorometric) and total 
carbon removal efficiencies were 99 percent and 73 percent, respectively. 
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Assuming a value of 1.42 g COD/g of suspended solids produced, a solids 
yield value of 37 percent was achieved based upon COD. 
CHAPTER V 
DISCUSSION 
Probably the most striking observation of this entire effort was the 
effect that 4-chloro-3-methyl phenol had upon the batch culture. It 
seemed as though a totally different compliment of microorganisms adapt-
ed to the CMP test unit as indicated by sludge color and test unit pH. 
As shown by subsequent substrate removal tests and during the long term 
data cyclic dosing period, the pH discrepancy between the control and 
test unit was not due to CMP or its metabolites since the difference in 
pH was noted with previously acclimated sludge even if the CMP was omit-
ted from the feed on a particular day. Rather, the difference may have 
been that the microorganisms selected by the CMP feed mixture possess a 
sequence of metabolic pathways that l_ed to higher pH intermediates, rela-
tive to the control, which were excreted from the cells. 
It was also found that the test unit suspended solids concentrations 
were reduced by the 4-chloro-3-methyl phenol exposure beginning during 
the end of the 5 mg/L dosing period and continuing throughout the rest of 
the study. Since suspended solids yield values showed no evidence of 
reduction, it could not be concluded that CMP acted as an uncoupler of 
oxidative phosphorylation in the test unit. Rather, it seemed more feas-
ible that the lower suspended solids concentrations were due to reduced 
settleability and loss of biomass in the supernatant subsequently with-
drawn. Indeed, it was found that 24-hour supernatant suspended solids 
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were consistently higher in the test unit relative to the control. Fur-
thermore, analyses of soluble carbohydrate and priority pollutant concen-
trations indicated that this high residual COD was not due to the initial 
substrates. 
Substrate removal rates of the glucose and sewage component appeared 
to be unaffected by any CMP present. It should be pointed out that for 
the substrate removal tests reported here, both the test and control unit 
were previously acclimated to CMP. Tests were conducted pertaining to 
substrate removal utilizing a control unit which had not been exposed to 
CMP and these results are included in another report (10). Contrary to 
what is reported there, it is the author's judgment that substrate remov-
al rates, at least for the glucose and sewage portion of the wastewater, 
for the control and test unit were quite similar. The differences be-
tween the two units could most likely be attributed to the diphasic sub-
strate removal characteristics exhibited by the test unit, where glucose 
and sewage components were metabolized first and then, after a lag peri-
od, the CMP was ut i 1 i zed. It is contended that, in the batch uni ts ob-
served, glucose uptake was not inhibited by CMP and the only discrepan-
cies noted between the test and control unit were due to residual CMP 
remaining in solution. This hypothesis is supported by comparson with GC 
analyses for the cases where the control was previously acclimated to CMP 
which are reported here. It could also be inferred from the data report-
ed in Reference (10) (where the control unit had never been exposed to 
CMP) since the amount of COD removed from each unit after approximately 
one hour was quite similar even though the residual COD levels in each 
unit differed. This leads to another important finding which was that 
there appeared to be a lag between the commencement of glucose-sewage 
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uptake and the metabolism of the CMP. -The explanation for this lag was 
not determined, but a phenomenon similar to the sequential substrate re-
moval reported by other researchers (4, 9, 31) was certainly evident here. 
As for the fate of CMP in the batch activated sludge system, rather 
conclusive evidence was obtained from the substrate removal test which 
utilized CMP as the sole organic carbon source. Substrate removal, 
oxygen uptake, and suspended protein and carbohydrate analyses demonstrat-
ed that CMP could be metabolized by microorganisms and that protein and 
carbohydrate could be produced as a result of this metabolic activity. 
The effect of 2-nitrophenol upon the long term performance of the 
batch test unit was much less noticable. Sludge settleability, 24-hour 
pH, 24-hour soluble COD and sludge appearance were found to be nearly 
the same for the test and control units. In fact, it was not until ad-
ministration of the 50 mg/L CMP dose that any statistically significant 
changes were noted in the test unit regarding 24-hour suspended solids 
concentrations and solids yield. Even here, the magnitude of the dif-
ferences were not nearly as extreme as those observed for 4-chloro-3-
methyl phenol. Furthermore, yield values for both the test and control 
units during the 50 mg/L 2-NP dosing period were unusually erratic with 
some values being negative (suspended solids reduction rather than pro-
duction). It may be that some outside influence may have been responsi-
ble for these apparent significant differences rather than the 2-NP. 
As with the CMP, the 2-NP appeared to have no effect on the uptake 
rate of the glucose component of the feed. And again, there was clear 
evidence of diphasic substrate removal with the glucose fraction being 
removed first and the 2-NP portion removed after a lag. As with the CMP, 
the cause of the 1 ag is not read i 1 y apparent. It cou 1 d be that the 
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presence of glucose prevented metabolism of the 2-NP (or CMP). However, 
even the substrate removal tests employing either CMP or 2-NP as the sole 
carbon substrate demonstrated that a lengthy lag period occurred even 
without the presence of glucose. Another possible explanation might be 
that a certain time period is required to induce the enzymes responsible 
for the metabolism of these two priority pollutants. 
The fate of 2-NP as determined by the pure compound substrate re-
moval test was shown to be that it was metabolized by the microbial popu-
lation and some of the 2-NP was used to produce sludge protein. Unlike 
CMP, no increase in sludge carbohydrate concentration was observed, sug-
gesting that carbohydrate storage products could not be produced from 
2-NP. 
One practical consideration concerning the fate of priority pollu-
tants in powdered activated carbon-activated sludge wastewater water 
treatment systems was brought to mind when reviewing some field work 
performed in that area (16). When a waste water contains both biodegrad-
able (in this case, 2-NP) and non-biodegradable priority pollutants (in 
this case, 2-nitro-analine), in an attempt to remove the non-biodegradable 
compound with the carbon, will the biodegradable compound be adsorbed and 
no longer be accessible to the microorganisms for metabolism. The data 
presented are not conclusive but this could be true and under such circum-
stances, the waste sludge may contain greater concentrations of these 
undesirable chemicals creating land filling restrictions. To meet effluent 
discharge and sludge disposal requirements, conventional carbon columns 
following biological treatment may prove to be more acceptable. 
In regard to microbial toxicity, the data are not so clear. For the 
substrate removal tests performed where soluble carbohydratewasmonitored, 
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there was no apparent adverse effect brought about by even the 50 mg/L 
dosage of either priority pollutant with respect to glucose removal rate 
and efficiency. However, 4-chloro-3-methyl phenol did cause a settlea-
bi l i ty problem with the test unit sludge which may have led to higher 
24-hour soluble COD (intermediates) and lower suspended solids. It could 
be speculated that this situation was brought about by some toxic effect 
CMP had upon the test unit microogranisms. The lag period observed for 
both substrate removal tests utilizing the pure priority pollutants at 
high concentrations (near 250 mg/L) may have been due to a toxic effect 
imparted upon the test unit organisms initially but which was later 
overcome. 
Conclusions 
Table X breifly summarizes the most significant trends observed in 
the data collected from the long term operation of the batch units. It 
can be seen that 4-chloro-rmethyl phenol affected soluble 24-hour COD, 
24-hour suspended solids, supernatant settleability, and 24-hour pH to a 
statistically significant degree during one or more dosing periods. The 
2-nitrophenol had cons1derably less effect on the performance of the 
batch unit and even the two parameters indicated as being statistically 
different from the control are subject to question. 
Substrate removal tests for both priority pollutants showed diphasic 
removal with the glucose-sewage component being removed first and the 
priority pollutant being removed last. 
The rate and efficiency of glucose removal in the batch substrate 
removal studies did not seem to be affected by the presence of either 
priority pollutant. 
TABLE X 
SUMMARY OF THE EFFECT OF THE TWO PRIORITY POLLUTANTS 
ON THE BATCH ACTIVATED SLUDGE SYSTEM 
4-Chloro-3-Methyl Phenol 
5 mg/L 25 mg/L 
Soluble 24-Hour COD 0 0 
24-Hour Suspended Solids 0 -
Biological Solids Yield 0 0 
24-Hour Supernatant + + (1st 10 days) 
Suspended Solids 
24-Hour pH 0 + 
0 - No definite trend noted 
+ - Significantly higher than control 
- - Significantly lower than control 




















In batch substrate removal studies employing low biomass and high 
priority pollutant concentrations (approximately 250 mg/L) where the 
priority pollutant was the sole organic carbon source, long lag periods 
lasting several days occurred before the onset of biological uptake. 
Gas chromatograph analyses indicated that the priority pollutant 
was removed from solution to very low levels. Some notable exceptions 
did occur but these took place either upon first administration of the 
priority pollutant or when the dosing level was increased. 
Using 4-chloro-3-methyl phenol as the sole organic carbon source, 
it was found that increased respiratory activity occurred and that some 
of the substrate removed was utilized in the formation of protein and 
carbohydrate biomass. The same results were found for 2-nitro phenol, 
except that no increase in biomass carbohydrate content was observed. 
Air stripping of both 4-chloro-3-methyl phenol and 2-nitro phenol 
was found to occur at a constant rate and was not a significant removal 
mechanism under the conditions of these experiments (air flow 1.33 1/min, 
pH 7.5-8.5, temperature 19-23°C). 
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